Cold atmospheric-pressure plasmas are currently in use in medicine as surgical tools and are being evaluated for new applications, including wound treatment and cosmetic care. The disinfecting properties of plasmas are of particular interest, given the threat of antibiotic resistance to modern medicine. Plasma effluents comprise (V)UV photons and various reactive particles, such as accelerated ions and radicals, that modify biomolecules; however, a full understanding of the molecular mechanisms that underlie plasma-based disinfection has been lacking. Here, we investigate the antibacterial mechanisms of plasma, including the separate, additive and synergistic effects of plasma-generated (V)UV photons and particles at the cellular and molecular levels. Using scanning electron microscopy, we show that plasma-emitted particles cause physical damage to the cell envelope, whereas UV radiation does not. The lethal effects of the plasma effluent exceed the zone of physical damage. We demonstrate that both plasma-generated particles and (V)UV photons modify DNA nucleobases. The particles also induce breaks in the DNA backbone. The plasma effluent, and particularly the plasma-generated particles, also rapidly inactivate proteins in the cellular milieu. Thus, in addition to physical damage to the cellular envelope, modifications to DNA and proteins contribute to the bactericidal properties of cold atmospheric-pressure plasma.
Introduction
Plasmas, referred to as the fourth state of matter, are generated through the ionization of gas molecules by electric fields. Naturally occurring plasmas are typically hot (the sun being a good example), but 'cold' plasmas can be found in nature as well, as for instance the aurora borealis. Over the past decade, there has been growing interest in the artificial 'cold' plasmas, particularly in atmospheric-pressure plasmas with gas temperatures below 408C. These have found applications in the emerging field of plasma medicine (reviewed in Kong et al. [1] ).
Cold atmospheric-pressure plasmas inactivate microorganisms on timescales ranging from seconds to minutes. Several studies have assessed inactivation efficiencies for bacteria, fungi, bacterial and fungal spores, and viruses [2] [3] [4] [5] ; however, the underlying molecular mechanisms of inactivation and the contributions of the different plasma components are poorly understood. Plasmas can be modulated to preferentially produce radicals, metastables, ions or photons simply by adjusting the gas composition and treatment conditions. Thus, if the molecular mechanisms of interaction with biological samples were fully understood, then plasmas could be tuned for specific applications.
Published evidence supports a number of mechanisms: etching (the removal of matter) by accelerated ions [6] ; disruption of the cell membrane by electroporation and formation of membrane ruptures [7] ; and breakage of DNA or protein backbones [8] [9] [10] . Wang et al. [11] further demonstrated mutagenic properties of plasma using bacterial spores. Previous in vitro experiments showed that particles emitted from plasma cause DNA strand breaks, whereas photons emitted from plasma cross-link DNA strands [12] .
Our general approach
It is our long-term goal to gain an in-depth understanding of the antibacterial mechanisms of different plasmas on a molecular level. The main challenge is that individually plasmas and bacteria are highly complex with regard to their composition and properties. In addition, both come in large varieties. To tackle the problem, on the plasma side, we chose to take a multi-step approach working our way up from a single well-characterized plasma source with constant operating conditions (step one), to the same well-characterized source operated with different gas mixtures (step two), finally to sources that are more complex in terms of their range of interactions with biological systems (step three). This study describes step one of this journey, where we use a microscale atmospheric-pressure plasma jet (mAPPJ) specifically modified to allow separate investigation of the effects of the photons and the particles emitted from the jet. This plasma source and its properties are introduced in more detail below.
On the biological side, we are interested in understanding the mechanisms that cause plasmas to inactivate microorganisms so efficiently. Bacteria are arguably the living systems of lowest complexity. Yet, these organisms are still complex enough that any number of molecules could be modified by different components of plasma. Here, we chose to gradually reduce the complexity of the model to facilitate cataloguing the molecular modifications that plasmas are capable of introducing into biological matter. For a start, we began to analyse the impact of plasma on the biomacromolecules DNA and protein, which are made of the same building blocks (nucleotides and amino acids, respectively) in all domains of life. Thus, any plasma-triggered modification of these macromolecules first catalogued in vitro could potentially also occur in the context of a living bacterial cell or in a eukaryotic cell. Of course, we expect that the occurrence of a plasma-triggered modification as such, as well as the frequency of occurrence is context-dependent: some modifications might be quenched in the cellular environment, whereas other modifications might require the context of a living cell; maybe even that of a specific cell type.
The cataloguing of plasma-triggered modifications can be performed in realms of different complexity. The characterization of modifications occurring in simplified model substrates in vitro falls into the realm of lowest complexity (first realm). Such substrates can be analysed in their entirety on a molecular level, so that all modifications can be detected, even unanticipated ones. The second realm extends to functional biomolecules that serve as models in vitro. These biomolecules can be obtained in reasonable purity, their structure and/or function (or a loss thereof) can be measured, and ideally they can still be analysed in their entirety on a molecular level. The third realm comprises functional biomolecules in bacterial model organisms. Biomolecules best suited are those whose structure and/or activity can either be measured in the highly complex context of the cell or that can be purified from the cell in a native state for characterization.
Clearly, the challenge is how to pick suitable simplified model substrates and functional biomolecules of relevance to the interaction of plasmas with living cells, not knowing what the main targets of plasma are. We decided for a topdown approach, of first identifying the challenges plasma is posing on bacterial cells, letting this guide our search for biomolecules affected, to finally choosing simplified model substrates that allow tracing the impact of plasma to molecular modifications. Thus, starting from the bacterial cell, we venture into realms three to one in this study, partially building on modifications known to occur as a result of (V)UV treatment or oxidative stress. An outline of the experiments performed is given below.
A fourth realm to be addressed in future studies covers modifications occurring in a specialized organismic context, for example in a particular pathogen, in a particular eukaryotic organism, tissue or cell line, or in dependence of a certain morphology, physiology or lifestyle.
The plasma source used
A radiofrequency-driven mAPPJ was used throughout this study. In this set-up, biological samples are not directly immersed in the plasma. Instead, they are exposed to the plasma effluent, the plasma-emitted components. In addition, in contrast to other commonly used sources such as dielectric barrier discharges, no electric current is flowing through the samples.
The modified mAPPJ was operated with He gas with an admixture of 0.6% O 2 . Wherever possible, samples were treated within He atmosphere to avoid the reactions of effluent components with components of ambient air. For the same reason, wherever possible, samples were treated in an airdried state. One has to keep in mind that this does not eliminate hydration of model substrates and that approximately 80% of the weight of an air-dried bacterial cell is attributed to water. The original mAPPJ has been very well characterized with regard to the species and photons generated as well as the dependence of their densities on the distance from the jet (note: the latter was determined in ambient air). The main species generated are atomic oxygen, ozone and singlet delta oxygen metastables O 2 (a 1 D g ), amounting to a total of 10 15 cm 23 reactive oxygen species (ROS) in the effluent [13 -15] . Directly at the jet nozzle (which in the original mAPPJ is identical with the point of exit of the effluent from the plasma), an atomic oxygen density of 7 Â 10 14 cm 3 and an ozone density of 3.8 Â 10 14 cm 3 have been measured by molecular beam mass spectroscopy (MBMS) [13] . Photons with wavelengths of 115 and 130 nm dominate, but weak emission of photons with 120 nm wavelength are detected as well [16] .
In the set-up used in this study the total distance of samples from the plasma is 12 mm (8 mm inside the jet nozzle plus 4 mm in atmosphere). With 0.6% O 2 admixture in the feed gas, in He atmosphere, we expect the emitted vacuum ultraviolet (VUV) and UV photons to mostly reach the samples [17] . The densities of atomic oxygen, ozone and singlet delta oxygen metastables O 2 (a 1 D g ) that reach the samples after having passed through the jet nozzle and He atmosphere have not yet been determined. Compared with the point of exit of the effluent from the plasma, we expect the densities rsif.royalsocietypublishing.org J R Soc Interface 10: 20130591 of atomic oxygen to decrease and the ozone densities to increase with increasing distance. In ambient air, for the original mAPPJ, maximal ozone densities were found at more than 40 mm distance from the jet [13] .
We would like to stress that the operating conditions were chosen for minimal complexity of species generated. Owing to the feed gas mixture used and the jet being operated in He atmosphere, we would not expect exposure of samples to reactive nitrogen species. We have, however, found additional species stemming from gas impurities, namely protonated water clusters [17] . Atomic oxygen and ozone resulting from photochemistry in the effluent were more than three orders of magnitude lower than plasma-generated atomic oxygen and ozone and below the detection limit of MBMS [17] . The influence of water in the system is currently subject to further study. The generation of hydrogen peroxide by (V)UV photolysis of water has been described previously [18] , and we would expect further ROS such as hydroxyl radicals to occur.
To study the effects of plasma-emitted photons and particles separately, and to identify potential synergies between the two, we used the X-jet geometry described previously [12, 19] . A lateral He flow crossing the effluent channel steers away the particles and thus allows the separation of heavy particles (such as ions, radicals, metastables) from the (V)UV photons. To allow parallel treatment of samples, three plasma jets were mounted next to each other, each featuring a different nozzle. The nozzles were designed to treat samples with the undivided effluent (complete-jet), with plasma-emitted (V)UV photons alone (UV-jet) or with heavy particles ( particle-jet; figure 1a ). All three jets use the plasma conditions of the mAPPJ described above, and are therefore ideally suited to study the effects of plasma components on microorganisms and biomolecules. A clearer understanding of the roles played by these individual plasma-generated components is desirable; they probably have quite distinct effects on cells and macromolecules. Figure 1b gives a flavour of the different properties of the plasma-emitted particles and photons. It shows the etching profiles of the three jets generated with a hydrogenated amorphous carbon layer used as model substrate. No etching is observed under the UV-jet, whereas the particle-jet efficiently etches a surface area with a 3 mm radius. The complete-jet is the most efficient, suggesting synergistic effects of emitted particles and photons owing to photochemical reactions in the gas phase.
Outline of the experiments performed
Based on the characterization of the plasma source, we knew that bacteria are subject to etching and exposed to reactive species and (V)UV photons. The first question we posed was whether bacteria are simply killed by mechanical stress related to etching. To investigate the mechanical stress we chose scanning electron microscopy (SEM), a technique that allows imaging of the surface of live bacteria. Two model organisms frequently used to study bacterial stress responses were used in this study, namely Escherichia coli and Bacillus subtilis, representing two groups of bacteria, gram-negative and gram-positive, respectively. Both groups differ in the structure and composition of their cell envelops. All cells are enclosed in a cytoplasmic membrane serving as diffusion barrier for polar and ionic solutes. In gram-negative species, externally a thin murein layer gives mechanical stability, and a second membrane provides a further diffusion barrier for solutes. Gram-positive bacteria lack this outer membrane but are characterized by a thicker murein layer providing extraordinary mechanical stability. Since in SEM cells are imaged at 80 Pa, for this experiment, we chose the sturdier B. subtilis as model organism, assuming that if all B. subtilis died as a result of etching, E. coli would as well. As B. subtilis is one of the bacterial species capable of forming endospores to survive hostile conditions (mechanically even sturdier than vegetative B. subtilis by orders of magnitude), we used a sporulationdeficient mutant throughout the study allowing us to focus on vegetative bacterial cells. The sizes of the etching zones were compared with the zones in which bacteria die of plasma exposure, the latter being determined in inhibition zone tests using B. subtilis monolayers on agar plates.
The next question was how does plasma exposure kill the cells outside the etching zone. Building on published knowledge of the model organisms' stress physiology, we chose reporter genes that are indicative of particular biomacromolecules and cellular structures being damaged, focusing on targets described for ROS and (V)UV photons. Reporter gene assays rely on sublethal dosing over a period of time in order to allow expression of the reporter genes. As cells directly exposed to the plasma effluent died quickly (see inhibition zone test), for this experiment, we had to treat cells in liquid culture despite several drawbacks. (V)UV does not penetrate water well leaving photon-based effects underrepresented, the liquid chemistry triggered by plasma is not well understood and the gas flow divests water that constantly needs to be replenished preventing treatment in He atmosphere, further reducing the (V)UV dose.
Reporter gene assays suggested that non-functional proteins accumulate after plasma treatment and that oxidative stress levels are high. We identified glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as a suitable model to study protein inactivation by plasma by drilling down into realms three and two: its activity can be determined in vivo and in vitro, and this molecule can be analysed in its entirety by peptide-based mass spectrometry. What made GAPDH particularly attractive was that it exists in almost the same form in bacteria and in humans (being essential for life in both organisms), and it has been shown previously to be inactivated by oxidation of the active-site cysteine upon oxidative stress. To determine GAPDH activity in the bacterial cells, the cells are lysed to set free the GAPDH, which resides in the cytosol. For this assay, we chose E. coli as a model organism as it can be disrupted quantitatively, in contrast to the more sturdy B. subtilis, for which cell lysis is often incomplete. Performing Raman spectroscopy and mass spectrometry, we then investigated whether plasma-triggered inactivation of purified GAPDH is correlated to oxidation of the active-site cysteine.
In the reporter gene assay, the induction of the promoter indicative of DNA damage was weak. However, plasma has previously been shown to be capable of modifying DNA, and we assume that especially the (V)UV component of plasma is underestimated in the reporter gene assay owing to treatment of liquid culture in ambient air. In view of the vital importance of the fidelity of DNA, we thought it necessary to investigate DNA modifications following the path down through the realms of different complexity. Again referring to the inhibition zone tests, vegetative cells exposed directly to the plasma effluent died too quickly to yield surviving mutants. Thus, skipping realm three, we jumped to realm two, studying a model substrate in vitro. We chose a plasmid as substrate. Plasmids can be thought of as mini-chromosomes as they are replicated in bacteria and encode several genes. However, in contrast to the bacterial chromosomal DNA, they are small enough to be transferred back into living bacteria. Transforming E. coli with plasma-treated pUC18 plasmid, we investigated whether the DNA was still intact enough to bestow certain traits. Despite being smaller than chromosomes by three orders of magnitude, plasmids are still composed of several thousand nucleotides arranged in two large polymers that together form a double helix. The nucleotides come in four chemically distinct flavours. While the sequence of these nucleotides in a plasmid or a chromosome can be determined quite easily, these large molecules are not suitable to characterize on a molecular level the chemical modifications that plasma introduces (especially not unanticipated ones). For cataloguing plasma-induced modifications, we chose homo-oligonucleotides (DNA polymers consisting of a single strand of only few identical subunits) as simplified model substrates and analysed them by Raman spectroscopy.
Material and methods

Standard plasma conditions
The jets were operated with 1.4 slm He with 8.4 sccm O 2 . Plasma was generated at 230 V r.m.s. with a frequency of 13.56 MHz. The UV-jet features a second gas flow of 5.6 slm He that steers particles into an exhaust. The particle-jet nozzle bends twice by 22.58 preventing exposure of samples to UV radiation. The jets were mounted in a He chamber where ambient air can be exchanged for He gas at 1.1 bar pressure. All gases used were of 5.0 grade.
We refer to the vertical axis through the jet as well as its virtual extension down to the sample as central jet axis.
Scanning electron microscopy
Non-sporulating B. subtilis 11T (DspoIIIC11) [20] were grown on nitrocellulose filters (Millipore) placed on Luria broth (LB) agar plates for 18 h at 378C. Filters were removed from agar plates and placed under one of the three jets for treatment in He atmosphere. Controls were treated with He/O 2 gas flow for 30 min. Filters were imaged using a scanning electron microscope (FEI Quanta 650 FEG SEM, FEI Company). Low vacuum pressure was at 80 Pa, accelerating voltage 10 kV with a working distance around 10 mm. Pictures were taken with a 12 000Â magnification starting at the central jet axis and moving outwards in 1 mm steps.
Inhibition zone tests
Monolayers of B. subtilis 11T cells sprayed onto LB agar plates [12] were exposed to the plasma effluents. Cells were allowed to grow for 18 h at 378C before measuring inhibition zones.
Reporter gene assays
Promoter regions of interest were amplified from B. subtilis 168 genomic DNA by PCR and cloned into the pDG1661 vector (from Bacillus Genetic Stock Center) in front of the promoterless lacZ reporter gene (table 1) . Plasmids were introduced into competent B. subtilis 11T cells. Stable integration of the reporter gene fusion into the amyE locus was verified by chloramphenicol resistance, streptomycin sensitivity and amylase production screening [21] . For b-galactosidase activity assays, cultures in buffered LB medium ( pH 7.4) were inoculated from overnight cultures to an OD 500 of 0.05 and incubated at 378C to an OD 500 of 0.4. Then, 250 ml was transferred into 96-well plates and treated with the complete-jet operated in ambient air for 30 min. Liquid levels were kept constant by continuously adding sterile aq. dest. No pH change was observed after 30 min of plasma treatment. Before performing enzyme activity assays, LB medium was exchanged for phosphate-buffered saline solution ( pH 7.4). Controls were treated with He/O 2 gas for 30 min.
In vitro GAPDH activity assay
GAPDH (Sigma Aldrich) was dissolved to a concentration of 1 mg ml 21 in aq. dest. Aliquots of 5 ml were spotted on glass coverslips (maximum spot diameter 2 mm), dried and treated in He atmosphere with the three jets. Slips were crushed into reaction tubes filled with buffer, and protein removed from the glass by agitation (10 min at 3000 r.p.m.). Protein concentrations were determined photometrically at 280 nm and using the Lambert-Beer equation. Activity assays were performed as described elsewhere [22] . In short, GAPDH samples were mixed with 50 ml of 10 mM glyceraldehyde 3-phosphate solution. The enzymatic reaction was started by adding 50 ml of 10 mM NAD þ , and the increase in NADH was monitored by UV/Vis spectroscopy at 340 nm over a time course of 120 s. Enzyme activity was calculated based on the linear part of the plot. Enzyme activity per protein is expressed relative to the activity of gas-treated controls.
In vivo GAPDH activity assay
Escherichia coli K12 cells were grown in LB medium supplemented with 1% glucose to an OD 580 of 0.35. Cells were harvested, rsif.royalsocietypublishing.org J R Soc Interface 10: 20130591 resuspended in 50 mM potassium phosphate buffer pH ¼ 7.4, and diluted to an OD 540 of 0.1. Twenty microlitres was spotted on glass coverslips (maximum spot diameter 3 mm) and dried. Even distribution of cells was confirmed using bright field microscopy (Olympus BX51). Samples were treated with the different jets in He atmosphere. Afterwards, cells were washed off the coverslips with 400 ml of 50 mM potassium phosphate buffer. OD 580 of all samples was measured before sonication on ice. Samples were centrifuged for 10 min to remove cell debris, and supernatant was used for activity assays (see above). Activities were corrected for their OD 580 and normalized to gas-treated controls.
Mass spectrometry of GAPDH
Samples were treated for time courses between 5 and 600 s dried on glass. After treatment, samples were washed off with aq. dest. (MS grade) and protein concentration determined using RotiNanoquant (Roth). Sample concentrations were set to 1 mg ml 21 in 50 mM triethylammonium bicarbonate (TEAB, Sigma Aldrich) buffer containing 0.1% Rapigest (Waters) with a total volume of 25 ml. Cysteine reduction was performed with 2.5 mM tris-(2-carboxyethyl)phosphine hydrochloride (TCEP, Life Technologies) for 60 min at 608C, followed by alkylation with 5 mM 2-iodoacetamide (IAM, Sigma Aldrich) for 15 min at 258C in the dark. Trypsin (Sequencing grade, Promega) was added to reach a protease to substrate ratio of 1 : 100 and incubated at 378C for 5 h. Afterwards, 2 ml of concentrated trifluoroacetic acid (Sigma Aldrich) was added to the sample, and precipitated Rapigest was removed by centrifugation. Samples were 1 : 500 diluted, and 4 ml was injected into a nanoUPLC system (Waters). Samples were loaded onto and eluted from a reversed-phase C18 column (column length 150 mm; inner diameter 75 mm; particle size 1.7 mm; pore size 130 Å ; heated to 408C) using the following gradient of solvent A (0.1% formic acid (FA, Biosolve) in aq. dest.) and B (0.1% FA in acetonitrile (Roth)) with a flow of 350 nl min [Glu1]-Fibrinopeptide B serving as lock mass analyte was fed through the lock spray channel with a lock mass capillary voltage of 3.0 kV.
Acquired spectra were processed in BiopharmaLynx (v. 1.3.3, Waters) to detect protein modifications. Amino acid sequence of wild-type GAPDH from rabbit muscle (UniProtKB accession number P46406) was used for spectra processing. Modifications had to be present at the same amino acids in all three replicates to be considered significant. Only peaks with an intensity of 5000 counts or more were used for modification analysis. For peptide annotation, at least two b or y ions had to be present in the tandem mass spectrum. These are the N-and C-terminal fragment ions of tryptic peptides, respectively, which occur as a result of collision-induced fragmentation at the amide bonds. Spectra were processed and searched for the following modifications (in the order of search priority): single (sulfenic acid, delta mass 17.0027 Da), triple (sulfonic acid, delta mass 47.9847 Da) and double (sulfinic acid, delta mass 31.9898 Da) oxidation of cysteines; single oxidation of methionines (delta mass 15.9949 Da); deamidation of glutamine (delta mass 0.984 Da); single oxidation of tryptophan (15.9949 Da); deamidation of asparagine and lysine (delta mass 0.984 Da); double oxidation of methionine and tryptophan (31.9898 Da); carbamido methylation at cysteines (delta mass 57.0215 Da); as well as phosphorylation at serine, threonine and tyrosine (all delta mass 79.9663 Da). All modifications were searched for as variable modifications, as carbamido methylation of cysteines caused by TCEP and IAM treatment only occurs at reduced cysteines and sulfenic acid, whereas sulfinic and sulfonic acid are not carbamido methylated.
Mutation assay
Aliquots of 500 pg of plasmid DNA (pUC18, Thermo Fisher Scientific) were spotted on glass slides (maximum spot diameter 2 mm), dried and either treated in He atmosphere with the three jets. One set of aliquots was prepared identically and treated with He/O 2 gas for 10 min. Control samples were left untreated (not dried or exposed to gas or plasma). Dried samples were washed off the glass with aq. dest. and DNA concentrations determined using a Nanodrop spectrometer (Peqlab). Samples of 400 pg of DNA were transformed into MgCl 2 -competent E. coli 
Raman spectroscopy
Synthetic DNA oligomers (Thermo Fischer Scientific) consisting of 18 cytosines (dC 18 ) or guanines (dG 18 ) were set to a concentration of 1 mM in aq. dest. Single-stranded oligomers were hybridized to form double-stranded oligomers by mixing equal amounts of dC 18 and dG 18 , heating them to 988C for 2 min, and hybridizing them by allowing them to cool to room temperature over 4 h. Aliquots of 20 ml were spotted on glass (maximum spot diameter 3 mm), dried and treated with the different jets for 30 min in He atmosphere. Controls were treated with He/O 2 gas. Samples were analysed by confocal Raman spectroscopy with a WITec alpha300 RAS microscope (WITec). A single-frequency diode laser with a wavelength of 785 nm was used for excitation (P 100 mW). The laser beam was coupled into the microscope through a single-mode optical fibre and then focused on the sample surface with a 100Â objective (NA ¼ 0.9). The Raman scattered light was collected with the same objective and registered by a back-illuminated charged-coupled device detector (128 Â 1024 pixels, kept at 2608C) after passing a multimode fibre (100 mm diameter) and a diffraction grating (300 grooves per mm). A spectral resolution of +3 cm 21 was achieved in the spectral range from 2100 to 3250 cm
21
. Raman spectra were taken with a total integration time of 60 s for each spectrum (2.5 s, 24 acquisitions).
Raman datasets were managed using WITec Project 2.08 (WITec). Prior to any analysis, spectra were treated with usercontrolled removal of cosmic rays. For background subtraction, areas with no Raman bands were defined in which Raman intensity values were averaged over one pixel. Other areas were interpolated linearly resulting in a background that was subtracted.
Results
Damage to the cellular envelope
The impact of plasma on the bacterial envelope, which is composed largely of peptidoglycan, was investigated by SEM (figure 2), which allows imaging of live cells without any fixation or staining. We set out (i) to assess the damage to the envelope directly under the jet as a function of treatment time, (ii) to correlate this envelope damage with growth inhibition around the treatment site (the 'growth inhibition zone') using bacterial monolayers on agar plates, and (iii) to differentiate the contribution to envelope damage by UV and the particle components of the plasma effluent. To this end, sporulation-deficient B. subtilis was grown on a nitrocellulose membrane and exposed to complete-jet, UVjet or particle-jet for up to 30 min. The lateral extension of treatment effects was determined up to 4 mm outward from the central jet axis.
When cells were exposed to the effluent of the complete-jet for 1 min, the first sign of damage was removal of the extracellular matrix, which became visible at the central jet axis. After 3 min of exposure, the top cell layer was removed and after 30 min the sample, approximately three cell layers thick, was etched down to the nitrocellulose membrane. Etching effects were observed in a circle with a 3 mm radius around the central jet axis, but from 4 mm outwards, the cells looked no different from gas-only treated controls. However, bacterial growth was inhibited over a much wider area, affecting cells up to 7.5 mm from the focus after a 3 min treatment and preventing growth on the entire Petri dish (43.5 mm radius) after 30 min exposure. The effects of treatment with the particle-jet were similar to those of the complete-jet although 30 min of treatment resulted in visible etching only up to 2 mm. By contrast, no etching or changes to the bacterial envelope were detected after 30 min of UV-jet treatment, although inhibition zones of 1.5 mm radius indicated that cells were inactivated around the central jet axis.
Measuring cellular stress with reporter genes
To identify the bacterial macromolecules most susceptible to inactivation in vivo, we expressed stress indicator genes using single-copy transcriptional lacZ reporter gene fusions in sporulation-deficient B. subtilis. Promoters of sigW and the liaIHGFSR operon were used to monitor general damage to the cellular envelope [23] and cell wall-specific stress [24] , respectively; DNA damage was monitored using recA [25] and protein damage using clpP [26] ; katA and sigB served as indicators for oxidative stress and activation of the general stress response, respectively [27, 28] .
Bacillus subtilis growing in liquid cultures were treated for 30 min with the complete-jet only. The jet was operated in ambient air to facilitate replenishing of the culture medium, which dries up quickly due to the gas flow. b-Galactosidase activity assays indicated that complete-jet induced strong activation of katA and clpP expression (with increases by a factor of 8.2 and 8.6, respectively), whereas the lia operon and recA were activated less remarkably (table 2) . These rsif.royalsocietypublishing.org J R Soc Interface 10: 20130591 data suggest that oxidative stress levels are high in the liquid cultures exposed to plasma, and that a significant amount of protein is damaged beyond repair. Mechanical damage to the cell envelope and DNA damage appear to be relatively less important under these treatment conditions.
Inactivation of protein
GAPDH was used as a model protein to investigate inactivation by plasma in vitro and in vivo. An enzyme of the central metabolism, GAPDH catalyses a reaction in glycolysis and is highly conserved from bacteria to man. Its activity can be readily measured in vitro and in vivo by monitoring the reduction of NAD þ to NADH at 340 nm.
GAPDH dried on glass was treated with the different jets to determine whether plasma components cause enzyme inactivation in vitro ( figure 3a) . Following exposure to the complete effluent for 10 min, only 20% of the enzymatic activity remained. By comparison, 40% and 75% of the activity was retained after treatment with the particle-jet and UV-jet, respectively. As clpP reporter gene induction indicated that protein damage occurs in vivo, GAPDH activity was determined in live E. coli K12 cells dried on glass (figure 3b). All three jets reduced GAPDH activity in the living cells much more rapidly than in vitro, with the complete-jet fully inactivating the enzyme within 10 min. The particle-jet, also, caused almost complete inactivation after 10 min, and the UV-jet reduced activity by around 60%.
There was no significant loss or fragmentation of GAPDH in vitro, as assessed by SDS-PAGE (figure 4a). Analysis by Raman spectroscopy indicated cysteine overoxidation to sulfonic acid (figure 4b, peak annotation taken from [29] ). Mass spectrometry revealed overoxidation of the catalytic cysteine, Cys150 (figure 5). Oxidation of this active-site cysteine is known to render GAPDH inactive under oxidative stress conditions [30] and overoxidation to sulfonic acid is irreversible [31] .
Damage to DNA
To investigate the effects of plasma treatment on DNA, we used different in vitro approaches. In vivo studies were Figure 4 . Etching and modification of dried glyceraldehyde 3-phosphate dehydrogenase. (a) SDS -PAGE of GAPDH samples after treatment with the complete-jet (C), particle-jet (P) and UV-jet (UV) for 10 min showed no loss of band intensity or fragmentation. U denotes untreated control. (b) Raman spectra are cascaded for better visibility. All relative intensity changes were normalized to the phenylalanine peak at 1003 cm 21 (r). Samples were treated for 10 min with the three different jets or with He/ O 2 gas-only (control). The SO 2 stretch peak at 1045 cm 21 (arrow) indicates formation of sulfonic acid [29] . (Online version in colour.) rsif.royalsocietypublishing.org J R Soc Interface 10: 20130591 hampered by vegetative bacteria dying quickly when exposed to the plasma effluent. We were unable to find treatment conditions with the complete-jet that yielded surviving but mutated bacteria. The impact on the structure and function of large DNA molecules was tested using the pUC18 plasmid. This plasmid carries the genetic information for two enzymes, b-lactamase, which confers ampicillin resistance, and b-galactosidase (lacZ), which can convert colourless X-Gal to a blue dye. When competent E. coli DH5a cells are transformed with pUC18, growth of colonies on ampicillin-containing LB agar indicates successful transformation. Blue colonies indicate the presence of functional b-galactosidase, whereas in white colonies a functional b-galactosidase is absent.
Aliquots of pUC18 plasmid were dried on glass and treated with the three jets. Equal quantities of DNA were then transformed into E. coli, and the number of blue and white colonies determined after incubation (figure 6). About 0.5% of the colonies were white after transformation of control plasmid that was neither dried nor gas-treated. This increased to 2% after transformation of plasmid treated with the He/O 2 gas mix alone for 10 min, probably owing to damage induced by drying the DNA on glass. Treatment with the complete-jet was most effective in reducing the number of CFUs. After a 10 min exposure, total CFU counts were reduced to 3.5% of the level of the gas-only treated control, and the majority of colonies were white. The highest absolute number of white colonies was observed after treatment with the UV-jet; in this case, the reduction in CFUs was roughly 50% and white CFUs increased from 25% after a 1 min exposure to 60% after 10 min. The particle-jet caused a more rapid reduction in CFUs than the UV-jet. For all three jets, the increase in white colonies indicates an increase in mutation rate in the lacZ gene. Agarose gel electrophoresis showed that the DNA structure is also altered (figure 6 inset). pUC18 plasmid DNA is relaxed by treatment with the UV-jet, indicating the induction of single-stranded breaks. Further, the loss in band intensity, determined by measuring absorption at 260 nm, indicates that the DNA is partially fragmented by treatment with the particle-jet and the complete-jet.
Next, DNA modification at the molecular level was investigated. Confocal Raman spectroscopy was used to characterize the intramolecular bonds within single-stranded DNA oligomers consisting of 18 guanines. Raman spectra of dried dG 18 were taken after a 30 min treatment with the different jets. By comparing the spectra taken before plasma treatment, we identified a number of chemical modifications (figure 7a) that were assigned using annotations of structural peaks taken from references [32] [33] [34] . The peak at 920 cm 21 is generated by vibrations of coupled nucleobases: a massive loss of relative intensity after treatment with the complete-jet was observed. The peak at wavenumber 1416 cm 21 is generated by vibrations in the ribose backbone: both the particle-jet and complete-jet caused a decrease in peak height, indicating strand breaks or modifications of the DNA backbone. Treatment with the complete-jet also resulted in an intensity decrease at 674 cm 21 , indicating modifications at the nucleobase, as the three peaks between 578 and 680 cm 21 are specific for purines (figure 7a). The particle-jet had a negligible effect on the nucleobase, but notable intensity changes were observed after treatment with the UV-jet. As intracellular DNA is usually double-stranded, we investigated the effects of plasma on double-stranded dC 18 : dG 18 oligomers using Raman spectroscopy (figure 7b). Only minor changes were detected: the purine nucleobase peaks were virtually unchanged, whereas certain pyrimidine-specific nucleobase peaks, such as the one at 1245 cm 21 , were altered slightly, and at the 1416 cm 21 backbone peak, the shoulder at 1430 cm 21 was lost after treatment with the complete-jet.
Discussion
Cold atmospheric-pressure plasmas emit a cocktail of reactive particles and (V)UV photons. In this study, we modified plasma jets using a lateral He flow to split the particles from the (V)UV photons. This allowed us to study the effects on bacteria and macromolecules of emitted (V)UV photons alone, particles alone or photons and particles in combination. When bacterial monolayers were treated with the completejet, the inhibition zones extended further than after treatment with either the particle-jet or the UV-jet and cells were killed further away from the jet axis than the added radii of the (V)UV and particle inhibition zones. This synergistic effect may result from a photochemical interaction between the photons and particles emitted by the combined-jet, resulting in increased toxicity of the particle mix reaching the sample (physical synergy). For example, we previously showed that UV photons emitted from a plasma jet are capable of activating oxygen [17] , generating activated water clusters. An alternative or additional possibility is that the capacity of the bacteria to neutralize stress is overwhelmed when cells simultaneously face stress from (V)UV photons and reactive particles (biological synergy).
The effluent of the mAPPJ is capable of chemical etching [13] . SEM images indicate that chemical etching is an inactivation mechanism under or near the complete-jet axis. No etching or other signs of damage were seen beyond 4 mm. Although the UV-jet produced small inhibition zones in bacterial monolayers, no etching was observed by SEM, indicating that the emitted (V)UV photons are capable of inactivating bacteria without physically damaging the cell envelop. The particle-jet caused some etching but was less efficient than the complete-jet. This suggests that there are synergistic effects between particles and V(UV) photons ( physical synergy) and we postulate that particles emitted from the complete-jet are activated on their way from the plasma to the sample by the co-emitted photons.
The inhibition zones extend well beyond areas of etching, implying that cells distant from the jet axis are killed by a different mechanism. The mAPPJ produces ozone [14] , which is a very strong oxidant and cytotoxin. At treatment times exceeding 6 min, ozone plays a significant role in bacterial inactivation when the jets are operated in an enclosing He atmosphere [17] . In contrast to treatment in ambient air, where ozone is transported away by the buoyancy force acting on the He feed gas, in an He atmosphere ozone is transported across the sample surface. It is stable enough to reach cells even at the very edge of the Petri dishes, causing oxidative stress.
In addition to destroying the cellular envelope by etching [10] , other mechanisms of cell inactivation have previously been proposed, such as damage to DNA or proteins [7, 9] . We monitored the expression of different reporter gene fusions after treating cells with plasma in liquid culture for 30 min. UV-induced DNA stress was not prevalent. Note, however, that (V)UV photons penetrate liquids weakly and may inactivate bacteria more effectively on dry surfaces. katA -lacZ, an indicator of oxidative stress, and clpP -lacZ, an indicator for protein stress, were most strongly induced, suggesting that under these experimental conditions plasma primarily causes oxidative stress and protein damage, with the two likely to be connected. The jet that we used produces a variety of ROS, predominantly atomic oxygen, ozone [13] , and singlet delta O 2 (a 1 Dg) [14] , but also protonated water clusters and unspecified reactive species stemming from photochemical reactions [17] . These could trigger the observed bacterial reaction by oxidizing macromolecules either directly or indirectly through liquid chemistry reactions causing . Changes discussed in the text are highlighted by dark grey dots. G, guanine specific; C, cytosine specific; B, backbone specific; cNB, coupled nucleobases; r, reference peak. (Online version in colour.) rsif.royalsocietypublishing.org J R Soc Interface 10: 20130591 formation of hydroxyl radicals or H 2 O 2 . Indeed, several proteins are highly sensitive to oxidative stress, among them the glycolytic enzyme GAPDH, which is known to be sensitive to oxidation by H 2 O 2 . The plasma-based protein inactivation indicated by the clpP reporter gene assay may, at least in part, be attributed to protein oxidation.
Previous studies showed that treatment of lysozyme with a low-frequency plasma jet causes a mass shift and protein unfolding [35] , and that the mAPPJ is capable of etching protein [12] . Here, we specifically investigated protein oxidation as inactivation mechanism. The enzyme GAPDH was used as a model protein. Its enzymatic activity can be easily measured and oxidation of the cysteine in the active site (Cys150) is a well-described inactivation mechanism [36] . Dried GAPDH was inactivated to different extents by the three jets and in each case inactivation correlated with oxidation of Cys150. Using 10 s exposures, the complete-jet reduced GAPDH activity by 50%, the particle-jet resulted in 45% inactivation and the UV-jet caused 10-15% inactivation. Mass spectrometric analysis of the peptide containing Cys150 confirmed very low oxidation rates after short in vitro treatments with the UV-jet, which probably result from reactions with activated water clusters or products of photochemical reactions with gas impurities [17] .
The inactivation of GAPDH is much more effective in the living cell than it is under in vitro conditions. Using dried bacteria containing GAPDH, treatment with completejet for 10 s caused greater inactivation rates than the combined rate for the particle-jet and UV-jet. This synergistic effect was observed only in the cellular environment and not using dried GAPDH. We therefore suggest that it might be linked to plasma-induced chemistry in the liquid cellular milieu, possibly enhanced by plasma-triggered biological processes.
Treatment with the complete-jet for 10 min fully inactivated GAPDH. At this treatment time, even the UV-jet achieved a 60% GAPDH inactivation in vivo. The (V)UV photons emitted from the UV-jet are unlikely to be responsible for GAPDH inactivation. In previous studies, even 10 min of more intense UV radiation at wavelengths better suited to protein inactivation (260-280 and 310-315 nm) failed to inactivate GAPDH in solution [37, 38] . It seems likely that, in addition to secondary reactions of photons and particles with cellular components in the cellular milieu (liquid chemistry), the ozone produced by the jets plays a significant role in GAPDH inactivation at this exposure time. Ozone forms ROS [39] , which can oxidize GAPDH, an effect that should not be neglected, given its biological effectiveness. The additive and synergistic effects of plasma-emitted (V)UV photons and particles, however, are best studied in an He atmosphere using treatment times of 10-60 s.
Fidelity of cellular DNA is of the utmost importance not only for bacterial survival but also for proliferation. Previous work has shown that in vitro plasma treatment damages plasmid DNA by inducing single-and double-stranded breaks [8] and by modifying nucleobases [12] , and that it is mutagenic for bacterial spores [11] . We failed to establish treatment conditions that allowed vegetative bacterial cells to survive direct exposure to the plasma effluent. For that reason, DNA was exposed in vitro to the three different jets, then analysed for DNA modifications using Raman spectroscopy. In addition, dried pUC18 plasmid was treated with the three different jets and then transformed into E. coli cells. Decreases in CFUs may be due to non-functional plasmids, for example owing to backbone breaks or faulty origin of replication, or to b-lactamase mutation, resulting in antibiotic sensitivity. The observed reductions in transformation efficiencies, in combination with increases in white CFUs (which contain the plasmid but are no longer capable of converting X-Gal), indicate a mutagenic effect, at least for plasma treatment of DNA in vitro. The complete-jet and the particle-jet both reduced CFU counts effectively. The UV-jet was less efficient in reducing CFU counts and yielded the highest mutant per survivor rate. It appears that the increased efficiency of the combined-jet results from the additive effects of photons and particles. While the UV-jet predominantly induces modifications of the nucleobases and has little effect on the backbone, the particle-jet causes significant damage to the backbone and has only a minor effect on the guanine bases; the complete-jet efficiently nicks the backbone and modifies nucleobases. Raman spectroscopy showed that, in vitro, single-stranded DNA is much more sensitive to plasma treatment than double-stranded DNA.
Both the SEM studies and the GAPDH activity assay indicate that the complete-jet features synergistic inactivation properties, most notably in vivo. It is known that effluents of cold atmospheric-pressure plasmas can interact with water to create a huge variety of different radicals and toxic products [40] , and of course water is always present inside and between living cells. Secondary reactions in liquid environments, which we refer to as 'liquid chemistry', will need to be studied in detail in the future. They seem to contribute significantly to the bactericidal properties of plasma, especially when complete-jet is used. Another possible explanation for the high efficiency of the complete-jet is that, as it contains both (V)UV and particles, it causes the greatest variety of stress to the cell and its components. The complexity of the effluent composition is further increased by reactions between the (V)UV photons and particles within the effluent, a phenomenon that we term 'physical synergy'. The simultaneous action of many different stressors-we call this 'biological synergy'-likely overwhelms the cellular repair and detoxification machineries so that dysfunctional macromolecules accumulate and the cells die.
Cold atmospheric-pressure plasmas are highly effective inactivators of microorganisms. Plasmas have therefore found their way into sterilization applications, disinfection and wound treatment. In particular, the treatment of eczema and chronic wounds has potential, and early clinical trials have indicated that plasma expedites the wound healing process [41] [42] [43] [44] , probably owing to a combination of stimulating the healing process and inactivating pathogens. Our studies on the mechanism of bacterial inactivation indicate that the cell envelop, proteins and DNA are all affected by plasma treatment. This multi-targeted attack appears to overwhelm the cellular repair and stress response systems more effectively than treatments that focus on any single bacterial target. An in-depth understanding of the contributions of individual plasma components to the biological effects will further inform the design and tuning of plasmas for particular clinical applications. With anti-cancer applications on the horizon [45, 46] , this characterization should not stop at the bacterial cell but extend to human cells and tissues to provide a molecular basis for assessing the benefits and the risks of plasma exposure. Only with a detailed knowledge of the effects of plasmas and their components on bacteria and humans will the full potential of plasma sources in medicine be discovered.
